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NMR spectroscopy is a versatile method for the conformational analysis of peptides and proteins. The
hydrogen—chlorine exchange of amide NH protons is detected by "H NMR, and used as a method to distinguish
between intramolecularly hydrogen-bonded and solvent-exposed NH moieties. The method has been applied
to hydrogen bond detection in naturally occurring antibiotic peptides, such as gramicidin S, and CH3CONH-
X (X=alkyl- or aryl-) derivatives. The deuterium exchange method was compared with this method in par-
allel experiments. In the case of chlorine exchange, in contrast to deuterium exchange, the hydrogen-bonded
amide protons are replaced much faster than their solvent-exposed counterparts and the duration of the ex-
periments is considerably less. It is highly possible that the hydrogen—chlorine exchange reaction under the
present experimental conditions, in the dark and at room temperature, proceeds through an electrophilic polar
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mechanism.

Several methods have been developed to study the
conformation of peptides and proteins in solution. Of
the most versatile techniques used for this purpose,
NMR-based conformational analysis is distinguished for
several reasons, among which are ease of manipulation
and rapidity.

In this respect, one of the applications of NMR spec-
troscopy in the conformational analysis of peptides and
proteins is related to amide NH protons in peptide
molecules. Using 'HNMR methods, NH protons can
be identified in two categories: those shielded from
and those exposed to the solvent. Based on this ap-
parently simple but inherently complex concept, sev-
eral techniques were designed to differentiate between
these amide protons. Among the most important of
these techniques are (i) tritium- and deuterium-ex-
change methods,'™* (ii) methods based on the tem-
perature and solvent dependence of N H proton chemical
shifts,>® and (iii) methods based on the broadening of
peptide N H resonances on addition of certain radicals.”

Many of the N H protons in peptides and proteins are
hydrogen-bonded intramolecularly. These intramolec-
ular bonds cause complete or partial shielding of the
amide protons from the solvent and other environmen-
tal forces. Such an observation is utilized effectively in
the above-mentioned analytical methods. In this arti-
cle, we propose a new method capable of detecting in-
tramolecular hydrogen bonds in peptides using 'H NMR
spectroscopy.

We have previously reported on this method known as
the “hydrogen—chlorine (H-Cl) replacement (exchange)
method”.819 The replacement reaction of amide pro-
tons is initiated by adding peptides to solutions contain-
ing Cl; or by adding t-butyl hypochlorite (+BuOCIl) to

#Present address: Department of Materials Science, Fac-
ulty of Engineering, Chiba University, Yayoi-machi, Chiba.

peptide solutions (Chart 1). The experiments are per-
formed in a dark environment and at room temperature
to prevent radical formation as much as possible.

Similar to the tritium and deuterium exchange meth-
ods, the rates of chlorination are followed by 'H NMR
spectra and the difference between intramolecularly
hydrogen-bonded amide protons and those more ex-
posed to solvent and environmental forces can be distin-
guished clearly and rapidly. The H-Cl exchange method
has been successfully applied to several conformational
analyses of peptides. These applications and part of the
organic chemistry involved are discussed here.

Results and Discussion

Applications of the Hydrogen—Chlorine Ex-
change Method. The H-Cl exchange method, using
'HNMR, has been applied to detect hydrogen-bonding
patterns of certain peptides in solution. The method
was compared to the deuterium-exchange method, and
in all of the performed experiments, compatible re-
sults were observed. The main difference between these
methods is that solvent-exposed or weakly hydrogen-
bonded amide protons are more labile in deuterium ex-
change. Interestingly, the H-Cl exchange is more facile
and rapid with solvent-shielded or strongly hydrogen-
bonded amide protons.

In a previous NMR-aided conformational analysis
of gramicidin S (GS) (Fig. 1), a cyclic decapeptide
antibiotic isolated from Bacillus brevis, the four in-
tramolecular hydrogen bonds between the two pairs of

0 Cl, 0
I Il
-C-lil- ———— -C-N-
H or t-BuOCl Cl
Chart 1.
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Fig. 1. The Structure of gramicidin S.

Val and Leu residues were detected by the H-Cl ex-
change method,®%V and further reconfirmed by tem-
perature-dependent NMR, studies.!? In Fig. 2, the ex-
change accessibility of the amide protons of GS-2HCI
in deuterium or chlorine-containing medium is plotted
against time. Figure 2A shows the results for the H-D
exchange method. Val NH and Leu N H protons, which
are intramolecularly hydrogen-bonded to further stabi-
lize the GS (-sheet structure, show slower deuterium
exchange than the less shielded Orn NH and Phe NH
protons. Figure 2B shows the results for the H-CI re-
placement method. The results in Fig. 2A are reversed
here. Compared with the amide protons of Orn and
Phe, Val and Leu amide protons are substituted much
more rapidly. Among the four amino acid residues men-
tioned above, the Val amide protons show the slow-
est H-D exchange and the fastest H-CI exchange rates
(Table 1). As a result, it can be concluded that the Val
N H moieties in GS are more strongly hydrogen-bonded
or less solvent exposed than the Leu NH moieties. In-
terestingly, the importance of the hydrogen-bonded Val
amide protons, and not those of Leu, for the stability of
GS secondary structure and its biological activity has
been emphasized.!3!¥

The method was further applied to the detection of
hydrogen bonds in the peptide antibiotic tuberactin-
amine N, and the presence of an intramolecular hy-
drogen bond in the cyclic part of the molecule!® was
reconfirmed.?

The hydrogen bond patterns of the dipeptides Ac—
L-Val-Gly-OMe and Boc-L-Val-Gly-OMe, and the
tripeptide Boc—Gly—L-Val-Gly—-OMe were also rational-
ized by H-D and H-Cl exchange methods and the re-
sults were compared.® In the case of Boc-L-Val-Gly—
OMe, the results were also supported by temperature-
dependent NMR experiments [temperature range: 25—
60 °C, 5 °C intervals; solvent: (CD3)2SO]. The NH tem-
perature-dependent shifts of Val and Gly showed a lin-
ear behavior, with temperature-dependence coefficients
of 8.26x10~2 and 3.10x10~3 ppm °C~1, respectively.

These studies have so far confirmed the credibility of
the mode of behavior of the H-CI exchange method vs.
the more conventional H-D exchange method. In all of
these experiments the rate of exchange was faster in the
former method.
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Organic Chemistry of the Hydrogen—Chlorine
Exchange Method. In order to extend the H-
Cl replacement reaction to other series of compounds,
CH3CONH-R (or —Ar) as models for the peptide back-
bone, and to be able to explain the different reactivities
of amide protons in the chlorination reaction, further
experiments were performed.!® The amide NH proton
of N-methylacetamide (1) was replaced by deuterium
or chlorine. The rate of the replacement was estimated
by plotting the exchange accessibility of the amide pro-
tons against time and the results are shown in Fig. 3 for
methanolic solutions. Similar experiments were carried
out in CDCI3, CF3CH20H, and (CD3)2SO.10)

Table 2 shows the effects of alkyl group (R) substi-
tutions on the rate of the H-Cl replacement reaction
in CH3CONH-R. Electron-withdrawing groups such as
cyanomethyl (2) and electron-donating groups such as
isobutyl (5) have opposite effects on the reactivity and
chemical shifts. Electron-withdrawing groups increase
the positive charge density on amide protons, hence, the
H-Cl exchange reaction becomes faster. This electron
deshielding effect can serve as a model of hydrogen—
bonding for amide proton exchange reactions in pep-
tides.

In other experiments, the behavior of amide protons
was investigated in o- and p-substituted acetanilides.
Table 3 summarizes the chemical shift differences (Ad)
of these compounds in several solvents. The amide pro-
tons of o-substituted acetanilides depict small chem-
ical shift differences(Aé) for the CDCl3-CH3OH and
CDCI3—(CDj3)2SO solvent pairs, and this is quite appar-
ent in ethyl o-acetamidobenzoate (12). The presence of
intramolecular hydrogen bonding in these compounds
can be supported further by physicochemical data (11,
mp 110 °C; 12, mp 61 °C) and more downfield chemical
shifts of the amide N H protons.

Slow H-D exchanges for the solvent-shielded amide
proton of 12, shown in Table 4, give additional evidence
for the existence of intramolecular hydrogen bonding.
Concomitantly, the T/2 values for chlorination of ortho
compounds (12, 14, and 16) are within two minutes
and this observation further supports the ease of chlo-
rination in the hydrogen-bonded amide protons. After
all, the rapid exchange of the deuterium in the case
of compounds 13 and 14 can not be explained clearly;
though in the case of chlorine exchange, the exchange
rate of 14 is comparable to those of compounds 12 and
16 (Chart 2).

The mechanism of the ring chlorination of anilines
and other related aromatic amines, and the N-chlo-
rination of benzamides by #BuOC] was discussed in
detail.’®!” The mentioned reactions involve an elec-
trophilic attack by a positive halogen provided by an
appropriate halogen source.

On the other hand, detailed studies on the light- or
thermally-induced t-butyl hypochlorite chlorination of
a range of compounds, with different functional groups,
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Fig. 2. Comparison of hydrogen—deuterium exchange and hydrogen—chlorine replacement methods for gramicidin S
hydrochloride (GS-2HCI) [0.05 M (=0.05 moldm ™2 solutions)]: (A) H-D exchange; solvent D2O (10 equiv of the
peptide content)—(CD3)2SO; T/2 values for H-D exchange, L-Val NH >24 h, L-Leu NH~21 h, L-Orn NH 18 min,
D-Phe NH 8 min. (B) H-CI exchange; solvent Cly (19 equiv of the peptide content)-(CD3)2SO; T/2 values for H-Cl

replacement, L-Val NH 8 min, L-Leu NH 11 min, L-Orn NH~100 min, D-Phe NH=115 min.

Table 1.

Approximate Rates (T/2) of the H-D Exchange and H-Cl Re-

placement Reactions in Peptide NH Protons of Gramicidin S (0.05 M) in

Different Solvents

(The calculated equivalents shown in parentheses are based on the content

of the peptide.)

Solvent L-Val L-Leu L-Orn D-Phe
D20 (10 equiv) in (CD3)2SO >24 h 21h 18 min 8 min
CD30OD (20 equiv) in (CD3)2SO 90 min 70 min 13 min 2 min
Cl2 (20 equiv) in (CD3)2SO 7 min 10 min 100 min 120 min
t-BuOCl (60 equiv) in 65 min 110 min  >4h >4 h

CH30H-CF3CH,0H (1: 1)

Table 2.

Approximate Rates (T/2) of the H-D Exchange and H-Cl Replacement

Reactions in Amide NH Protons of 0.67 M CH3CONH-R in CDCls
(The calculated equivalents shown in parentheses are based on the NH content of

the compounds.)

No. -R 6 in ppm CD30OD CD3OD t-BuOCl t-BuOCl
(1 equiv) (5 equiv) (1.2 equiv) (2 equiv)

1 —CHj3 6.25 18 min 5 min 10 min 5 min

2 —CH2CN 7.25 2 min 1 min 4 min 3 min

3 —(CH2),CHs 6.10 5 min 2 min 8 min 5 min

4 —(CH2)6CHs 6.09 — 9 min — 4 min

5 —CH2CH(CHs)2 6.10 20 min 5 min 20 min 12 min

showed the involvement of radical mechanisms.'®'?)  tively charged chlorine reacts with the partially nega-

The chlorination mechanism via +BuOC] is also solvent
dependent.!92%

Our experiments were performed in the dark, at room
temperature in the presence of oxygen and in polar sol-
vents. Under these conditions the #-alkyl hypochlorites
are more stable and less prone to decomposition.

From the above experimental results, we conclude
that the chlorination mechanism of NH, hydrogen-
bonded in the peptide backbone of the discussed com-
pounds, appears to involve an electrophilic attack by
chlorine. It is highly possible that the partially posi-

tively-charged nitrogen of the peptide backbone via a
polar interaction (polar mechanism) (Fig. 4), though
other factors such as steric hindrance around the ni-
trogen, side chain effects, and the solvent polarity can
either encourage or discourage this interaction. As a
matter of fact, the possibility of an electrophilic chlo-
rine radical attack can not be dismissed completely, but
it does not seem likely to be the predominant reaction
pathway under the above-mentioned experimental con-
ditions.

So far in comparison with the conventional meth-
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Table 3. Solvent Dependent Behavior of Amide NH Chemical Shifts (6) of CHsCONH-Ar (0.4 M)

No. Ar- 6 in ppm Shift difference, Aé
CDCI3 (1) CH3OH (2) (CD3)2SO (3) (1-3) (1-2) (2-3)
11  p-EtOOC-CeHy— 8.25 10.10 10.26 2.01 1.85 0.16
12 0-EtOOC-CgHy— 11.12 11.12 10.62 0.50 0 0.50
13  p-NO2—-CeH4— — — 10.54 — — —
14  0-NO2-CeHs— 10.35 10.30 10.27 0.08 0.05 0.03
15 p-CH30-CeHy— 7.89 9.80 9.75 1.86 1.91 0.05
16 0-CH30-CgHy4- 7.85 9.10 9.06 1.21 1.25 0.04
Table 4. Approximate Rates (T/2) of the H-D Exchange and H-CI Replacement
Reactions in Amide NH Protons of 0.4 M CH3CONH-Ar in (CD3)2S0
(The calculated equivalents shown in parentheses are based on the NH content
of the compounds.)
No. Ar- 6 for -NH D20 D20 Cl;
in ppm (1.5 equiv) (5 equiv) (1 equiv)
11 p-EtOOC-CgHy— 10.26 60 min 2 min 60 min
12 0-EtOOC-CgHy— 10.62 200 min 22 min 2 min
13 p-NO2—CgHy— 10.54 1 min 1 min 20 min
14 0-NO2—CgHy— 10.27 1 min 1 min 2 min
15 p-CH30-CeHy— 9.75 18 min — 8 min
16 0-CH30-CeHy— 9.06 21 min — 2 min
o o}
~ 7/
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Fig. 3. Comparison of hydrogen—deuterium exchange
and hydrogen—chlorine replacement methods for
CH3CONHCH3 amide proton (0.5 M solutions): sol-
vent CD30OD (5 equiv of the compound’s NH con-
tent)-CH3OH, 7/2 16 min (H); solvent D20 (5 equiv
of the compound’s NH content)-CHsOH, T/2 8 min
(®); solvent (CH3)3COCI (5 equiv of the compound’s
NH content)-CH3sOH, T/2<1 min ([J).

ods, the H-CI exchange method for detecting hydro-
gen bonds in peptides, has been less time consuming.
However, as a distant goal, extension of this method
to the conformational analysis of peptides and proteins
requires more detailed experiments.

Experimental

General. The reported melting points are not cor-
rected. 'HNMR spectra were recorded by a JEOL-JNM-

Fig. 4. A possible mechanism for the H-Cl exchange
reaction (R, R'=peptide moieties or other parts of
the molecules, R”=Cl or +BuO).

MH 100 spectrophotometer, with tetramethylsilane as the
internal standard. Compounds 1,13,14,15 and 16, and the
starting amino derivatives used for the syntheses of com-
pounds 2,3,4,5,11, and 12 were commercially available as
guaranteed reagents from Wako Chemical Industries Ltd.
and Tokyo Kasei Organic Chemicals. +BuOCI was of extra-
pure grade from Tokyo Kasei. Dry chlorine gas was pro-
duced in a small scale apparatus from the action of concen-
trated hydrochloric acid on potassium permanganate. All of
the solvents utilized in the NMR probes were of NMR spec-
troscopic grade from Aldrich. Compounds 2,3,4,5,11, and
12 were synthesized from their corresponding amino deriva-
tives through acylation with acetic anhydride in pyridine.
Their purities and structures were further confirmed by TLC
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experiments on silica gel GFa54 (Merck) and '"H NMR mea-
surements.

N-Cyanomethylacetamide (2). Oil; 'HNMR
(CDCl3) 6=17.25 (bs, 1H, NH), 4.21 (bm, 2H, CHz), and
2.04 (s, 3H, CH3CO).

N-Propylacetamide (3). 0il; *HNMR (CDCl3)
§=6.10 (bs, 1H, NH), 3.19 (q, 2H, NHCH), 1.97 (s, 3H,
CH3CO), 1.50 (q, 2H, CH,CHgs), and 0.89 (t, 3H, CH2CH3).

N-Heptylacetamide (4). Oil; 'HNMR (CDCls)
6§=6.09 (bs, 1H, NH), 3.21 (m, 2H, NHCH;), 1.95 (s,
3H, CH5CO), 1.27 (bm, 10H, 5xCH;), and 0.87 (s, 3H,
CH,CHz).

N-Isobutylacetamide (5).  Oil; '"HNMR (CDCls)
6=6.10 (s, 1H, NH), 3.52 (d, 2H, CH2), 2.39 (s, 3H, CH3CO),
1.92 (m, 1H, CH), and 0.90 (d, 6H, 2xCHjs);

Ethyl p-Acetamidobenzoate (11). Mp 110 °C [lit,?"
103—104 °C]; 'HNMR (CDCls) 6§=8.25 (bs, 1H, NH), 7.92
(d, 2H, Ar), 7.55 (d, 2H, Ar), 4.51 (q, 2H, CH.CH3), 2.16
(s, 3H, CH5CO), and 1.35 (t, 3H, CH2CHj).

Ethyl o-Acetamidobenzoate (12). Mp 61 °C [lit,??)
66 °C]; "HNMR (CDCls) 6=11.12 (bs, 1H, NH), 8.72 (s, 1H,
Ar), 8.05 (s, 1H, Ar), 7.54 (t, 1H, Ar), 7.07 (t, 1H, Ar), 4.38
(q, 2H, CH,CH3), 2.22 (s, 3H, CH3CO), and 1.40 (t, 3H,
CH:CHs).

NMR Measurements. NMR probe samples for the
H-CI exchange experiments were prepared in the dark and
at room temperature:

(a) by dissolving the appropriate equivalent of dry chlo-
rine in NMR solvents [0.4 mL (L=dm?®)] at 0 °C (the exact
amount of the dissolved gas was determined by weighing the
sample tube before and after the addition of chlorine) and
adding the related compounds (0.016—0.020 mmol) to this
solution or,

(b) by adding the appropriate equivalent of fresh +BuOCl
(0.113 mL mmol~?) to previously prepared solutions of the
related compounds (0.016—0.020 mmol in 0.4 mL of sol-
vent).

NMR probe samples for the H-D exchange experiments
were prepared at room temperature by adding the appropi-
ate equivalent of a deuterated agent (D20 or CD3OD) to
the peptide solutions.

Four solvents, CH3OH, CFsCH;OH, CDCls, and
(CD3)2S0, were used in the H-Cl exchange experiments.
CDCl3 and (CD3)2SO proved to be more appropriate in
the replacement experiments performed with Clz, whereas
CH3O0H, CF3CH20H, and CDCl;s were suitable solvents for
t+BuOCl. CH30H was not appropriate for Cl; because OH
resonances shifted downfield and overlapped with those of
peptide NH moieties. (CD3)2SO did not show good results
for +BuOCI as the progress of the displacement reaction in
this solvent was undetectable.

We wish to express our gratitude to Professors
Nobuo Izumiya (Kyushu Sangyo University, Fukuoka)
and Tetsuo Kato (Kumamoto Institute of Technology,

M. KonDo, K. OKAMOTO, I. NisHI, M. YAMAMOTO,
M. JELOKHANI-NIARAKI, and H. KODAMA

[Vol. 67, No. 4

Kumamoto) for their contributions to this work. We
also remember the late Professor Tatsuo Miyazawa for
his helpful discussions and encouragement.

References

1) A.Stern, W. A. Gibbons, and L. C. Craig, Proc. Natl.
Acad. Sci. U.S.A., 61, 734 (1968).

2) F. X. Schmid and R. L. Baldwin, J. Mol. Biol., 135,
199 (1979).

3) P.S.Kim and R. L. Baldwin, Biochemistry, 19, 6124
(1980).

4) J. B. Udagaonkar and R. L. Baldwin, Nature, 335,
694 (1988).

5) M. Ohnishi and D. W. Urry, Biochem. Biophys. Res.
Commun., 36, 194 (1969).

6) T.P.Pitner and D. W. Urry, J. Am. Chem. Soc., 94,
1399 (1972).

7) K.D.Kopple and T. J. Schamper, J. Am. Chem. Soc.,
94, 3644 (1972).

8) K. Okamoto, M. Kondo, M. Yamamoto, and I. Nishi,
in “Peptide Chemistry 1979,”ed by H. Yonehara, Protein
Research Foundation, Osaka (1980), p. 163.

9) M. Kondo, K. Okamoto, I. Nishi, M. Yamamoto, T.
Kato, and N. Izumiya, Chem. Lett., 1980, 703.

10) M. Kondo, I. Nishi, K. Okamoto, T. Kato, and N.
Izumiya, in “Peptides: Synthesis—Structure—Function,” ed
by D. H. Rich and E. Gross, Pierce Chemical Company,
Rockford (1981), p. 291.

11) M. Kondo, Y. Yada, K. Okamoto, H. Yonezawa, T.
Kato, and N. Izumiya, in “Peptide Chemistry 1982,” ed by
S. Sakakibara, Protein Research Foundation, Osaka (1983),
p- 257.

12) Y. Shimohigashi, H. Kodama, S. Imazu, H. Horimoto,
K. Sakaguchi, M. Waki, H. Uchida, M. Kondo, T. Kato, and
N. Izumiya, FEBS Lett., 222, 251 (1987).

13) H. Sugano, H. Abe, M. Miyoshi, T. Kato, and N.
Izumiya, Bull. Chem. Soc. Jpn., 47, 698 (1974).

14) H. Abe, K. Sato, T. Kato, and N. Izumiya, Bull.
Chem. Soc. Jpn., 49, 3113 (1976).

15) T. Wakamiya and T. Shiba, Bull. Chem. Soc. Jpn.,
48, 2502 (1975).

16) a) R. S. Neale, R. G. Schepers, and M. R. Walsh, J.
Org. Chem., 29, 3390 (1964); b) G. P. Gassman and A. G.
Campbell, J. Am. Chem. Soc., 94, 3891 (1972); c¢) D. F.
Paul and D. Haberfield, J. Org. Chem., 41, 3170 (1976).
17) B. Altenkirk and S. S. Israelstam, J. Org. Chem., 27,
4532 (1962).

18) C. Walling and B. B. Jacknow, J. Am. Chem. Soc.,
82, 6108 (1960), and subsequent papers.

19) C. Walling and M. J. Mintz, J. Am. Chem. Soc., 89,
1515 (1967).

20) F.D. Greene, M. L. Savitz, F. D. Osterholtz, W. N.
Smith, and P. M. Zanet, J. Org. Chem., 28, 55 (1963).

21) H. O. Chaplin and L. Hunter, J. Chem. Soc., 1938,
375.




